The effect of "sodium loading,' of verapamil and of nifedipine on the gain in calcium and sodium, and on the loss of myoglobin, during the calcium paradox in adult rat hearts was examined. Raising cell sodium from 56.5 ± 2.6 to 129.5 ± 10.2 jtmol sodium/gram dry weight did not alter the degree or rate of calcium gain or myoglobin release during calcium repletion after long periods (>2 minutes) of calcium-free perfusion; under these conditions, and in the presence of 10 ng/\Her verapamil, calcium gain was enhanced. However, after shorter periods (0.5-1.5 minutes), of calcium-free perfusion, calcium gain was enhanced in "sodium-loaded" hearts, even in the absence of verapamil, and particularly during the early stages of repletion. The presence of 1 and 10 j/mol/liter dl-verapamil and 1 //mol/liter nifedipine before, during, and after 10 minutes of calcium-free perfusion significantly (P < 0.01) slowed the early (up to 1 minute for verapamil and 2 minutes for nifedipine) but not the late gain in calcium. When verapamil was present, the late gain in calcium was actually enhanced. These agents also abolished the early (45 seconds) but not the late (>2 minutes) gain in sodium that occurs during repletion. We propose that the gain in calcium that occurs during calcium repletion after a period of calciumfree perfusion can be divided into at least two phases (early and late), and that the early phase contains a verapamil/nifedipine-sensitive component and a verapamil/nifedipine-insensitive component, the latter probably involving sodium-calcium exchange. (Circ Res 55: 227-237, 1984) 
SUMMARY. The effect of "sodium loading,' of verapamil and of nifedipine on the gain in calcium and sodium, and on the loss of myoglobin, during the calcium paradox in adult rat hearts was examined. Raising cell sodium from 56.5 ± 2.6 to 129.5 ± 10.2 jtmol sodium/gram dry weight did not alter the degree or rate of calcium gain or myoglobin release during calcium repletion after long periods (>2 minutes) of calcium-free perfusion; under these conditions, and in the presence of 10 ng/\Her verapamil, calcium gain was enhanced. However, after shorter periods (0.5-1.5 minutes), of calcium-free perfusion, calcium gain was enhanced in "sodium-loaded" hearts, even in the absence of verapamil, and particularly during the early stages of repletion. The presence of 1 and 10 j/mol/liter dl-verapamil and 1 //mol/liter nifedipine before, during, and after 10 minutes of calcium-free perfusion significantly (P < 0.01) slowed the early (up to 1 minute for verapamil and 2 minutes for nifedipine) but not the late gain in calcium. When verapamil was present, the late gain in calcium was actually enhanced. These agents also abolished the early (45 seconds) but not the late (>2 minutes) gain in sodium that occurs during repletion. We propose that the gain in calcium that occurs during calcium repletion after a period of calciumfree perfusion can be divided into at least two phases (early and late), and that the early phase contains a verapamil/nifedipine-sensitive component and a verapamil/nifedipine-insensitive component, the latter probably involving sodium-calcium exchange. (Circ Res 55: 227-237, 1984) READMITTING Ca ++ -containing buffers to hearts after only a few minutes of Ca ++ -free (<50 /*M) perfusion precipitates the phenomenon known as the "Ca ++ paradox" (Zimmerman and Hulsmann, 1966; Zimmerman et al., 1967) , characterized by extensive ultrastructural damage (Muir, 1968; Yates and Dhalla,1975; Frank et al., 1977; Ruigrok et al., 1980) , a rapid and massive release of intracellular constituents (Zimmerman and Hulsmann, 1966; Hearse et al., 1978 Hearse et al., , 1980 , depletion of the energyrich phosphates (Boink et al., 1978) , a loss of K + (Crevey et al., 1978) , and a gain in Na + and Ca ++ (Alto and Dhalla, 1979; Nayler and Grinwald, 1981) . Although the gain in Ca ++ that occurs under these conditions is of critical importance, its route of entry has not yet been established . Known normal routes of Ca ++ entry include a small component due to passive inward diffusion, entry in exchange for Na + (Reuter, 1974) , and entry through ion-selective, voltage-activated channels (Reuter and Scholz, 1977) .
Plasmalemmal vesicles harvested from Ca ++ -depleted hearts are not freely permeable to Ca ++ (Nayler et al., 1983a) . Therefore, unless a membrane defect, induced by Ca ++ -free perfusion, which renders the membrane freely permeable to Ca ++ is lost or concealed when the vesicles are isolated, it is difficult to account for the gain in Ca ++ simply in terms of an enhanced passive inward permeability with respect to Ca ++ . It is equally difficult to account for it solely in terms of an enhanced entry of Ca ++ in exchange for Na + , because, although intracellular Na + rises during Ca ++ -free perfusion (Goshima et al., 1980; Nayler et al., 1983a Nayler et al., , 1983b , and although the Na + :Ca ++ exchange mechanism survives the paradox (Nayler et al., 1983a) , the gain in Ca ++ that occurs upon repletion after 10 minutes of Ca ++ -free perfusion correlates poorly with cell Na + at the start of repletion (Nayler et al., 1983a) . Neither can the Ca ++ repletion-induced gain in Ca ++ be accounted for simply in terms of an enhanced entry of Ca ++ through the voltage-activated slow channels, because, although verapamil may slightly reduce (but not abolish) enzyme and protein leakage (Hearse et al., 1980; Baker et al., 1983) , it does not attenuate the gain in Ca ++ caused by 10 minutes of repletion after 10 minutes of Ca ++ -free perfusion .
The present experiments were undertaken to establish: (1) whether more than one route of Ca ++ entry is involved in the paradox, and (2) whether the duration of the Ca ++ -free episode influences the route(s) of entry. To explore these possibilities, hearts that had been either preloaded with Na + or treated with verapamil or nifedipine were used.
Our results indicate that more than one route of Ca ++ entry is involved, and that the predominance of a particular route depends upon both the duration of the Ca ++ -free episode and the prevailing experimental conditions.
Methods
Hearts from adult female Sprague-Dawley rats were used. The rats were lightly anesthetized with an O 2 -diethylether mixture and heparinized before the hearts were removed and perfused in the nonrecirculating Langendorff mode at a constant flow rate of 10-12 ml/min at 37°C, as previously described . The hearts were used as spontaneously beating preparations, because electrical stimulation prompts norepinephrine release from the endogenous stores. This is highly relevant here, because, under certain pathological conditions, the slow channel blockers attenuate this release (Nayler and Sturrock, 1984) . Therefore, electrical stimulation was avoided. Throughout each experiment, the coronary effluent was collected by timed collection.
When a record of the mechanical functioning (peakdeveloped tension) of the heart was required, a Narco Biosystems myograph (F-60) was attached to the apex of the left ventricle. The output from the myograph was displayed on a Narco Biosystems MKIV physiograph. Hearts used for mechanical studies were not used for Ca ++ and Na + determinations.
Perfusion Buffers
These buffers were prepared in deionized distilled water. Either Krebs-Henseleit buffer (K-H), Na + -loaded K-H buffer, Ca ++ -free K-H, or Ca ++ -free Na + -loaded K-H buffer was used.. The buffers were gassed with 95% O 2 + 5% CO 2 and the pH adjusted (if necessary) to 7.4. The constituents of the buffers are listed in Table 1 . EDTA was added to the Ca ++ -free buffers to ensure that they were free of contaminant Ca ++ and other contaminant cations (such as Mn ++ ) which are known to influence the paradox (Nayler et al., 1983b) .
Ca* + Paradox Perfusion Sequences
Three basic perfusion sequences were employed, as summarized in Figure 1 . In the control paradox, 20 minutes of perfusion with K-H buffer was followed by 0.5-10 minutes of Ca ++ depletion (perfusion with Ca ++ -free K-H buffer) followed by 0-10 minutes of Ca ++ repletion (perfusion with K-H buffer). Short periods of Ca ++ depletion were needed to induce a "mild paradox.' To obtain the necessary control data, other hearts were perfused with K-H buffer for 20-30 minutes.
In the Na + -loading series, the sequence was basically the same, but Na + -loading K-H buffer was employed for the last 15 minutes of the initial perfusion (Glitsch et al., 1970) . Ca ++ -free Na + -loading K-H buffer was used for Ca ++ depletion. To provide the appropriate control data for these experiments, other hearts were perfused for 5 minutes with K-H buffer, followed by 15 or 25 minutes with Na + -loading K-H buffer, followed by 0.25-10 minutes with K-H buffer.
In the third series, the effect of d/-verapamil (1 and 10 Aimol/liter) and nifedipine (1 ^mol/liter) on the rate of Ca ++ and Na + accumulation was examined. In these experiments, the drugs were present during the last 5 minutes of the preliminary K-H perfusion, and during Ca ++ depletion and repletion. This protocol was also followed when the effect of Na + loading on verapamil-treated (10 fimol/liter) hearts was examined.
Measurement of Cell Ca ++ and Na +
At the end of the appropriate perfusion sequence, the coronary vasculature was flushed through with 10 ml of ice-cold 0.35 mol/liter sucrose, 5 mmol/liter histidine, pH 7.4, which had been treated with Dowex (50 w), as described by Alto and Dhalla (1979) . This procedure was used to minimize the contribution of extracellular Na + and Ca ++ to the measured cell Ca ++ and Na + . Methods based on the use of extracellular markers to determine extracellular space were avoided because of their inherent unreliability when cellular permeability is altered. The atria were discarded and the ventricles blotted, weighed, and then dried to constant weight at 100°C.
Ca ++ and Na* Determinations
The dried ventricles were digested in 3.0 ml of concentrated HNO 3 for 48 hours. To assay for Ca ++ , 1 ml of the HNO3 extract was added to 5 ml of Ca ++ blank solution (27 mmol/liter KC1, 27 /imol/liter LaCl 3 ). Ca ++ standards were prepared by serial dilution of 1 mol/liter Ca ++ standard (BDH Chemicals) in Ca ++ blank solution. Ca ++ was assayed by atomic absorption spectrophotometry, with a Varian atomic spectrophotometer at 422.7 nm. Na + was assayed by flame photometry with a photometer (type 443). Samples were prepared by diluting 50 pi of extract in 10 ml of Na + blank (15 mmol/liter Li + ). Standards were prepared by diluting standard 100 mmol/liter Na + , 100 mmol/liter K + solution (Instrumentation Laboratory de Puerto Rico Ltd) in the same manner. Appropriate tests were made to ensure that neither verapamil, nifedipine, nor other constituents in the cellular extracts interfered with these assays.
Myoglobin
In some experiments, the coronary effluent was assayed spectrophotometrically for myoglobin, using a SP6-550 Pye Unicam spectrophotometer at 410 nm. This provided a measure of the rate of release of intracellular constituents. Horse heart myoglobin (Sigma) was used as the standard.
Reagents and Glassware
Analytical reagent grade chemicals were used throughout, and care was taken to avoid Ca ++ contamination. A three-way stop-cock at the head of the aortic cannula facilitated a rapid change from Ca ++ -containing to Ca ++free perfusion buffers without contamination.
Nifedipine was obtained as a gift from Bayer AG, and 229 d/-verapamil was from Knoll AG. d/-Verapamil was dissolved in deionized distilled water and diluted with the appropriate buffer. Nifedipine was dissolved in a small volume of absolute alcohol and then diluted with the appropriate buffer. Care was taken to protect the nifedipine-containing solutions and perfusion lines from light. An alcohol-placebo series was included whenever nifedipine was used.
Statistical Analysis
The results are presented as the mean ± SE of n experiments. Tests of significance were calculated by Student's f-test or analysis of variance. Table 2 shows that, after 20 minutes of perfusion with K-H buffer (Table 1) , the control hearts contained 3.46 ± 0.31 and 56.50 ± 2.64 /nnol/g dry weight Ca ++ and Na + , respectively. Table 2 also shows that hearts that were perfused with standard K-H buffer for 5 minutes and then with Na + -loading K-H buffer for 15 minutes tended to lose Ca ++ . They also gained substantial amounts of Na + (P < 0.001), but the wet weight:dry weight ratio was unchanged ( Table 2) . Table 3 shows that 10 minutes of perfusion with Ca ++ -free K-H buffer after 20 minutes of perfusion with standard K-H buffer resulted in a time-dependent reduction in Ca ++ (P < 0.05). Thus (Table 3) , although 1 minute of Ca ++ -free perfusion failed to cause any change in Ca ++ (3.46 ± 0.30 to 3.34 ± 0.45 ^mol/g dry weight for control and 1 minute for Ca ++ -free, respectively), after 2 minutes of Ca ++free perfusion, Ca ++ had fallen to 2.45 ± 0.42, and after 10 minutes of Ca ++ -free prefusion a level of 
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Control Perfusion with Standard K-H and Na + -Loading K-H Buffer: Effect on Ca ++ and Na +
Effect of 10 Minutes of Perfusion with Ca ++ -Free K-H Buffer on Tissue Ca ++ and Na +
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Each result is the mean ± SE of n experiments. Ca ++ and Na + are intracellular Ca* + and Na*, respectively. Tests of significance relate to the significance of the change in wet:dry weight ratio, Ca ++ or Na + caused by 15 minutes of perfusion with Na + -loading K-H buffer containing 1.3 mmol/liter Ca* + . Ca* + and Na + refer to the amount of Ca ++ and Na + remaining in the tissue after the vasculature had been flushed with a Dowex-histidine buffer (Alto and Dhalla, 1979) .
Ca ++ and Na + are expressed as /imol/g dry weight. Each result is the mean ± SE of five or six experiments. Ca ++ and Na* are expressed as /tmol/g dry weight.
1.64 ± 0.33 Mmol Ca ++ /g dry weight (P < 0.05) was reached. Under these same conditions, Na + increased (Table 3) , with 10 minutes of Ca ++ -free perfusion causing a 31% increase in Na + (from the control level of 56.5 ± 2.6 to 73.8 ± 13.9 fimol Na + / g dry weight) (P < 0.02).
Effect of 10 Minutes of Perfusion with Ca ++ -Free, Na + -Loading, K-H Buffer on Ca ++ and Na +
When hearts that had been perfused for 15 minutes with Na + -loading K-H buffer were perfused for another 10 minutes with Ca ++ -free Na + -loading K-H buffer, they also lost Ca ++ (P < 0.05), and gained Na + (P < 0.001) (Table 3 ). After 10 minutes of Ca ++free perfusion (Table 2) , these hearts contained 1.73 ± 0.28 Mmol/g dry weight Ca ++ , and 156.2 ± 11.4 /umol/g dry weight Na + . Relative to the Na + and Ca ++ values obtained for hearts perfused for an equivalent period of time with Ca ++ -free K-H buffer ( Table 4 , series A), perfusing Na + -loaded hearts for 10 minutes with Ca ++ -free Na + -loading buffer resulted in a higher (P < 0.001) Na + , (156.2 ±11.4 compared to 73.8 ± 13.9 jtmol/g dry weight, and an unchanged Ca ++ (1.73 ± 0.28 compared to 1.64 ± 0.33 /rniol/g dry weight).
Effect on Ca ++ of Ca ++ Repletion after Perfusion with Either Ca ++ -free K-H or Ca ++ -Free Na + -Loading K-H Buffer
Ca ++
Repletion after 10 Minutes of Perfusion with -Free K-H Buffer
After 10 minutes of perfusion with Ca ++ -free K-H buffer, the control hearts (Table 4 , series A) contained 1.64 ± 0.33 and 73.8 ± 13.9 /xmol/g dry weight Ca ++ and Na + , respectively. Reintroducing K-H buffer containing 1.3 mmol/liter Ca ++ to these hearts resulted (Table 4 ) in a prompt gain in Ca ++ and Na + , with the gain in Ca ++ reaching asymptote after about 2 minutes. Even during the initial 0.25 minute of repletion (Table 4) , there was a significant (P < 0.001) gain in Ca ++ , and after only 1 minute of repletion, Ca ++ had increased (Table 4 ) by 25.82 ol/g dry weight (P < 0.001).
Ca ++ Repletion after 10 Minutes of Perfusion with Na + -toading Ca ++ -Free K-H Buffer
Having established that 15 minutes of perfusion with Na -loading K-H buffer followed by 10 minutes of perfusion with Na-loading Ca ++ -free K-H buffer causes a significant gain (P < 0.001) in Na + The hearts were perfused for either 20 minutes with standard K-H buffer (series A), or for 5 minutes with standard K-H buffer, followed by 15 minutes of perfusion with Na*-loading K-H (series B) before 10 minutes of Ca** depletion with Ca**-free K-H buffer (series A) or Ca**-free Na-loading K-H buffer (series B). Ca** repletion was with standard K-H buffer. Each result is mean ± SE of five or six separate experiments. A Ca** refers to the change in tissue Ca** caused by 0.25-10 minutes of repletion.
Ca** and Na* are expressed as ^mol/g dry weight.
[relative to the levels obtained after the same period of perfusion with Ca ++ -free K-H buffer (Table 4) ], experiments were undertaken to see whether these Na + -loaded hearts gained Ca ++ more rapidly, and whether they gained excess Ca ++ upon repletion with standard K-H buffer. Figure 2 and Table 4 show that this was not the case, and that, even during the initial 60 seconds of Ca ++ repletion after 10 minutes of Ca ++ -free perfusion, the Ca ++ content of the Na + -loaded hearts increased at the same rate (Fig. 2) as the controls, which had contained only 73.8 ± 13.9 instead of 156.2 ±11.4 /imol Na + /g dry weight at the start of repletion (Table 4 ). Table 4 also shows that, at the end of the 10-minute repletion with standard K-H buffer, the Ca ++ content of the Na + -loaded hearts was actually less (P < 0.01) than that of the controls (series A). The Ca ++ content of hearts which were Ca ++ repleted after 10 minutes of Ca ++ -free perfusion was not maximal after 10 minutes of repletion (Table 4) . Instead, in the Ca ++ -depleted K-H hearts (series A, Table 4 ), asymptote was reached after 2 minutes of repletion; in the Ca ++ -depleted, Na + -loaded hearts (series B, Table 4 ), asymptote was reached after 3-5 minutes of repletion. 
Effect of Na + Loading on Myoglobin Release during Repletion with Standard K-H Buffer after 10 Minutes of Perfusion with Na + -Loading Ca ++ -Free Buffer
The results presented so far (Fig. 2; Table 4 ) suggest that an increased (P < 0.001) Na + at the start of Ca ++ repletion enhances neither the initial rate nor the total amount of Ca ++ gained during repletion after 10 minutes of Ca ++ -free perfusion. Figure 3 shows that this degree of Na + loading also failed to increase the amount of myoglobin released during Ca ++ repletion with standard K-H buffer. Figure 3A relates to the total amount of myoblobin released during the indicated periods of repletion. Figure 3B shows the amount of myoglobin released during either 1, 2, 3, 4, 5, 7.5, or 10 minutes of repletion, expressed as a percentage of the total amount of myoglobin released during 10 minutes of repletion (taken as 100%) with standard K-H buffer.
Thus, a raised (P < 0.001) Na + (Table 4) does not necessarily result in an increase in myoglobin released during Ca ++ repletion. In the Na + -loaded hearts, however, peak myoglobin release (Fig. 3B ) was reached relatively early. 
Effect of Na + Loading on the Ca ++ Repletion-Induced Gain in Ca ++ and Loss of Myoglobin after Short Periods of Ca ++ -Free Perfusion
Ca ++ Gain
The results presented so far (Figs. 2 and 3 ; Table  4 ) indicate that a raised (P < 0.001) Na + at the start of Ca ++ repletion after 10 minutes of Ca ++ -free perfusion increases neither the initial rate nor the total amount of Ca ++ accumulated during 10 minutes of Ca ++ repletion; neither does it potentiate myoglobin release. Since 10 minutes of Ca ++ depletion causes a severe paradox, it is possible that any small effect which a raised Na + might have on Ca ++ gain during repletion could have been concealed. To investigate this possibility we undertook other experiments, using control and Na + -loaded hearts, but subjecting them to relatively short periods (0.5, 1.0, 1.5, or 2.0 minutes) of Ca ++ -free perfusion. Ca ++free K-H and Ca ++ -free Na + -loading K-H buffers were used. Ca ++ repletion was for 10 minutes, with K-H buffer. The results are summarized in Table 3 and Figure 4A . Table 3 shows that the Na + content of the Na + -loaded hearts remained elevated throughout the period of Ca ++ repletion, compared to the controls. Figure 4A shows that the Na + -loaded hearts that were Ca ++ depleted for 1.5 minutes or less before being Ca ++ repleted with standard K-H buffer for 10 minutes gained more Ca ++ than the Ca ++ -repleted control hearts. The additional amount of Ca ++ accumulated under these conditions, although significant, was small ( Fig. 4A) relative to the total amount accumulated during 10 minutes of repletion. Figure 4A also shows that the Na + -loaded hearts which were Ca ++ -depleted for more than 1.5 minutes failed to exhibit an increased gain in Ca ++ upon repletion, relative to the controls.
The data shown in Figure 4A relate to the gain in Ca ++ that occurs during 10 minutes of repletion with standard K-H buffer after 0.5-10 minutes of Ca ++free perfusion. To obtain data relating to the timecourse of this gain, we undertook additional experiments, again using Na + -loaded and control hearts (Fig. 4B) , but limiting the Ca ++ -free perfusion period to 1.0 minute. Ca ++ repletion was with standard K-H buffer and extended for 0.5, 1.0, 2.0, or 10 minutes. The results of these experiments are summarized in Figure 4B , and show that when Na + -loaded hearts are Ca ++ -depleted for only 1 minute, and then Ca ++ -repleted, they gain significantly more Ca ++ during the first 2 minutes of repletion than the controls. Hence, at least during a 'mild paradox," a raised Na + seems to be associated with an increased rate of Ca ++ accumulation during the early stages of Ca ++ repletion.
Myoglobin Release
Although a raised cell Na + did not increase the amount of myoglobin released during repletion after 10 minutes of Ca ++ -free perfusion (Fig. 3) , Figure 5 shows that Na + -loaded hearts which were perfused with Ca ++ -free buffer for only 0.5, 1.0, or 1.5 minutes released more myoglobin upon repletion than the controls, which were not Na + loaded. From these results, we can conclude that the presence of a raised Na + is accompanied by a greater displacement of myogolbin if Ca ++ repletion occurs after only a short period (<1.5 minutes) of Ca ++ -free perfusion. It was under these same conditions that a raised cell Na'* resulted in a greater uptake of Ca ++ (Fig. 4A ).
Effect of Verapamil on the Ca* + Repletion-Induced Gain in Ca ++ and Na + and Loss of Myoglobin
Repletion after 10 The Gain in Ca ++ Caused by Ca~* Minutes of Ca ++ -Free Perfusion After 10 minutes of Ca ++ -free perfusion, the Ca ++ content of verapamil-treated hearts was not different from control (1.6 ± 0.3, 1.4 ± 0.3, and 1.3 ± 0.2 for control 1.0, and 10 ^mol/liter verapamil-treated groups, respectively). Similarly, as Figure 6A shows, neither 1 nor 10 /tmol/liter verapamil reduced the gain in Ca ++ caused by 10 minutes of Ca ++ repletion after 10 minutes of Ca ++ -free perfusion. To the contrary, after >3 minutes of Ca ++ repletion, the verapamil series exhibit an increased Ca ++ gain (Fig.  6A) . These results support our earlier findings (Nayler and relating to the failure of verapamil to prevent Ca ++ overload from occurring when Ca" t+ -containing buffers are reintroduced for 10 minutes after 10 minutes of Ca ++ -free perfusion. However, in other experiments, Ca ++ was monitored over shorter periods of Ca ++ repletion. The results (Fig. 6B) show that, under these conditions, verapamil slowed the early (up to 45 seconds for 1 /imol/ liter and up to 60 seconds for 10 /imol/liter verapamil) gain in Ca ++ caused by Ca ++ repletion. For example, the gain in Ca ++ that occurred during the first minute of Ca ++ repletion was reduced from the control level of 25.82 /rniol Ca ++ /g dry weight to 17.61 and 6.86 jtmol Ca ++ /g dry weight, respectively, for 1 jtmol/liter and 10 /imol/liter verapamil. This effect of verapamil is also evident in Figure 6B , where Ca ++ is plotted as a function of the duration of repletion. The inhibitory effect appears to be dose-dependent (Fig. 6B) , and clearly disappears ( Fig. 6A ) during longer periods of repletion.
The Gain in Na + Caused by Ca ++ Repletion Figure 7 , A and B, confirms that control hearts that are Ca ++ -repleted after 10 minutes of Ca ++ -free perfusion gain Na + , as well as Ca ++ . Figure 7 also shows that 1 and 10 jimol/liter verapamil exerted a dose-dependent inhibitory effect on the gain in Na + , but only during the first few minutes of Ca ++ repletion. Hence, the inhibitory effect of verapamil on the gain in Ca ++ that occurs early in repletion (Fig.  6) is not specific for Ca ++ ; it also applies to Na + .
The Release of Myoglobin upon Repletion
Although 1 and 10 junol/liter verapamil slowed the early gain in Ca ++ and Na + that occurs when Ca ++ is reintroduced after 10 minutes of Ca ++ -free perfusion (Figs. 6 and 7) , Table 5 shows that it did not reduce the total amount of myoglobin released during 10 minutes of repletion. At both dose levels, however, the rate of myoglobin release was slowed during the first 1-3 minutes of repletion. Verapamil, 1 ftmol/liter, only decreased the rate of release during the 1st minute of repletion (Table 5) .
Effect of Nifedipine on the Ca ++ Repletion-Induced Gain in Ca ++ and Na +
Although Figure 6 showed that verapamil exerts a dose-dependent inhibitory effect on the early gain in Ca ++ that occurs during Ca ++ repletion, the complex pharmacology of verapamil makes the interpretation of these results difficult. Unlike verapamil, nifedipine is not a local anesthetic, nor does it interact with the fast inward Na + channels (Nayler and Horowitz, 1983) . Additional experiments were performed, therefore, using nifedipine instead of verapamil. The results summarized in Figure 8 show that nifedipine resembles verapamil in that it reduces, but does not abolish, the early gain in Ca ++ that occurs upon repletion after 10 minutes of Ca ++ -free perfusion. However, in the case of nifedipine, the inhibitory effect was still evident after 2 minutes of repletion. Figure 7 shows that, as was described for verapamil, 1 /imol/liter nifedipine blocked the early gain in Na + that occurs upon repletion.
The Combined Effect of Na + Loading and Verapamil on the Early Gain in Ca ++ during Ca ++ Repletion
Although Na + loading had no effect on early gain in Ca ++ after 10 minutes of Ca ++ depletion (Fig. 2) , a greater gain in Ca ++ was seen during repletion after 1 minute of Ca ++ depletion (Fig. 4B) . The Circulation Research/Vol. 55, No. 2, August 1984 question arises, therefore, as to whether or not a Na + -loading effect in the full paradox is masked by a Ca ++ influx of much larger magnitude via other influx routes, including the slow channels. To investigate this possiblity, we examined the effect of Na + loading on Ca ++ gain after 10 minutes Ca ++ depletion under conditions where early Ca ++ gain was attenuated by the presence of 10 ^mol/liter verapamil. Figure 9 shows that an enhancement of early Ca ++ gain was recorded during Ca ++ repletion in Na + -loaded verapamil-treated hearts after 10 minutes of Ca ++ depletion.
Mechanical Function
Ca ++ repletion after 0.5 minute of Ca ++ -free perfusion resulted in the recovery of >80% of the initial tension-generating activity of hearts perfused in the absence of either nifedipine or verapamil. However, Ca ++ repletion after >1 minute of Ca ++ -free perfusion was not accompanied by any recovery of active tension-generating capacity, irrespective of whether the hearts had been preloaded with Na + . The addition of nifedipine did not result in recovery of mechanical function, even when the nifedipine was removed by prolonged Ca ++ repletion with nifedipine-free K-H buffer. The effect of verapamil on functional recovery was not investigated, because its persistent binding to the sarcolemma ensures the prolonged survival of its own negative inotropic activity. In any case, nifedipine was more effective than verapamil (Figs. 6 and 8) in preventing excessive Ca ++ accumulation during repletion. It seemed unlikely, therefore, that verapamil would have been effective in preserving mechanical function when nifedipine failed to do so.
Discussion
These results show that the gain in Ca ++ which occurs when Ca ++ is readmitted after a period of Ca ++ -free perfusion is complex, rapid, and can be divided into at least two phases (Fig. 10) -an early and relatively small, followed by a late and relatively large, phase. Although these phases cannot be distinguished upon repletion after a prolonged period (10 minutes) of Ca ++ depletion, consideration of the time course of the gain in Ca ++ that occurs when Ca ++ is reintroduced in the presence of verapamil and nifedipine (Figs. 6 and 8) identifies them. Thus (Figs. 6 and 8) , there is an early verapamil-and nifedipine-sensitive phase followed by a verapamiland nifedipine-insensitive phase. The early phase of Ca ++ gain is not limited to Ca ++ entry through a slow channel blocker-sensitive route, because (Figs. 6B and 8B), under these conditions, there is an early increase in Ca ++ which is Na + -sensitive ( Fig. 9 ). This Na + -sensitive component could be detected only when the initial rate of Ca ++ gain was slowed-as, for example, in the presence of 10 jtmol/liter verapamil or after short periods of Ca ++ depletion (mild paradox). The results relate to the total amount of myoglobin released during the indicated periods of repletion, after 10 minutes of perfusion with Ca ++free K-H buffer. Tests of significance relate to the significance of the inhibitory effect of either 1 or 10 /tmol/liter verapamil on the total amount of myoglobin released after the indicated times of repletion. NS, not significant, P = 0.05.
Since the Na + -Ca ++ exchange process survives Ca ++ depletion and repletion (Nayler et al., 1983a) , and cell Na + increases and Ca ++ decreases during Ca ++ -free perfusion, it might have been anticipated that some of the gain in Ca ++ that occurs upon repletion would involve Ca ++ entry in exchange for Na + . Since our results show that both verapamil and nifedipine reduce the early gain in Ca ++ by approximately 80%, the contribution of the Na + -Ca ++ exchange to this early phase of Ca ++ gain must be small. The differences in Ca ++ and Na + uptake under the various conditions could not be explained in terms of altered coronary flow, because, under the conditions employed, coronary flow was maintained at a constant level.
In an earlier study, Goshima et al. (1980) noted that preloading isolated myocytes with Na + accelerates Ca ++ uptake when Ca ++ is readmitted after a short period of Ca ++ depletion. Although our results substantiate their findings, there are several important differences between the two studies. Whereas we used intact adult rat hearts at 37°C, Goshima et al. (1980) used isolated myocytes prepared from fetal mouse hearts, and they carried out their experiments at 25°C. The Ca ++ paradox is age- (Chizzonite and Zak, 1981; Frank and Rich, 1983 ) and temperature-sensitive (Holland and Olson, 1975; Alto and Dhalla, 1979; Boink et al., 1980; Langer, 1982, Baker et al., 1983) . The use of isolated myocytes must also be taken into account, because some of the damage that occurs upon repletion results in physical disruption of the weakened intercalated discs, an event which will create abnormal routes of Ca ++ entry (Ganote et al., 1981) . Such an effect would be absent under conditions in which cell-to-cell interaction is lost. Despite these differences, however, both studies reveal the existence of a Na + -dependent component of Ca ++ influx during the paradox.
The inhibitory effect of verapamil and nifedipine on the early component of the gain in Ca ++ may be complex, because (Fig. 7) it is accompanied by an inhibition of the early gain in Na + that occurs under these conditions (Table 4 ). Since both nifedipine and verapamil were effective, and since nifedipine differs from verapamil in that it lacks any local anesthetic activity and has no inhibitory effect on the fast inward Na + current (Nayler and Horowitz, 1983) , it is difficult to account for the ability of these drugs to inhibit the gain in Na + in terms of either of these effects. One possible explanation involves the fact that exposing excitable membranes to Ca ++ -free conditions alters the properties of slow channels, increasing their Na + conductance (Krishtak et al., 1981) . If the excessive influx of Na + that occurs during the early stages of Ca ++ repletion involves the entry of Na + through these modified slow channels, this could explain why verapamil and nifedipine attenuate the early gain in Na + . An equally plausible explanation is that, by reducing the early repletion-induced gain in Ca ++ , verapamil and nifedipine may indirectly reduce the amount of Na + that enters in exchange for Ca ++ . Irrespective of why verapamil and nifedipine attenuate the Ca ++ repletion-induced rise in Na + , if some of the early gain in Ca ++ involves an entry of Ca ++ in exchange for Na + (Fig. 10) , then this component of the Ca ++ gain should be attenuated by verapamil and nifedipine, as an indirect consequence of their ability to attenuate the gain in Na + . The second phase of Ca ++ gain (Fig. 10) is clearly neither Na + -, verapamil-, nor nifedipine-sensitive. It is difficult, therefore, to account for it in terms of either slow channel transport or entry in exchange for Na + . Possibly, it relates to the entry of Ca ++ through nonphysiological pathways that develop in association with the ultrastructural damage triggered by the raised Ca ++ reached during phase 1 of the response (Fig. 10) . Ganote et al. (1981) have suggested that irreversible cell damage occurs secondary to an early Ca ++ entry. If this is true, it would appear from Figure 6 and Figure 8 that Ca ++ entry through the verapamil-nifedipine insensitive pathway of phase 1 (Fig. 10) , together with whatever Ca ++ is mobilized from the intracellular stores (Lee and Dhalla, 1976; Alto and Dhalla, 1981) , is still sufficient to trigger such a contracrure, but after a slight delay. The delay in myoglobin release in the verapamil-treated group (Table 3 ) supports this concept, as does the persistent protective effect reported by Goshima et al. (1980) for verapamil, because the second phase of Ca ++ entry would be absent if myocytes were being used.
In general, our results may resolve the controversy as to whether the gain in Ca ++ that occurs during Ca ++ repletion involves the slow channels (Hearse et al., 1980; Nayler and Grinwald, 1981) . Clearly, there is a component of that gain which involves entry through the slow channels, but, even when this route of entry is blocked, the overall paradoxinduced gain in Ca ++ (after long periods of Ca ++ depletion) is only delayed (Figs. 6 and 8) . The component of Ca ++ entry that involves the slow channels can be unmasked by looking at the early time course of the gain in the presence of slow channel blockers. However, even here, care must be taken in interpretating the results, because during the full paradox, phase 2 of Ca ++ entry (Fig. 10 ) may occur simultaneously with phase 1, at very early times during repletion. Only in the presence of slow channel blockers can a clear temporal separation of phase 1 and 2 be obtained ( Figs. 6 and 8) . The onset of phase 2 entry may be dependent on intracellular Ca ++ reaching a threshold. In this case, cell death could depend on phase 2 activation by phase 1.
In conclusion, therefore, Ca ++ entry during repletion is complex and involves several phases. The predominance of a particular phase at a particular time probably depends upon the duration of the Ca ++ -free episode and the presence or absence of protective agents. Because of the rapidity with which Ca ++ is accumulated, and because some of the accumulated Ca ++ may then be lost (presumably because of the disruption of cells and the consequent loss of intracellular components into the coronary effluent), conclusions which are based on estimations of Ca ++ after prolonged periods of repletion, and particularly when repletion is preceded by lengthy periods of Ca ++ -free perfusion, may be misleading. In addition, care must be taken when translating results obtained from isolated myocyte studies to those obtained with intact hearts, because abnormal routes of Ca ++ entry that develop because of cell-to-cell disruption will be absent from the former, but present under the latter conditions.
